Fatty-amide derivatives were evaluated to study the effect of the double bonds into the hydrocarbon chain (C18) on the corrosion behavior of carbon steel. Electrochemical impedance spectroscopy (EIS) and real-time corrosion measurements were used to evaluate the inhibition mechanism of the fatty-amides on carbon steel in CO 2 -saturated (3% NaCl + 10% diesel) emulsion at 50 ∘ C. EIS results demonstrated that the unsaturation present into the hydrocarbon chain contributes to the efficiency of fatty-amides, because they can be adsorbed on the metal surface by a flat-adsorption process reducing the presence of active sites and blocking the corrosion process and preventing the diffusion of corrosive species, such as H 2 O, H + , Cl − , and HCO 3 − . Real-time corrosion measurements also indicated that the effectiveness of the inhibitors is dependent on the unsaturation into the hydrocarbon chain, being also a good technique to determine the stability of the adsorption process of the inhibitors.
Introduction
The use of corrosion inhibitors is the most practical and economical method for corrosion protection and prevention of unexpected metal dissolution in aggressive media. The presence of such inhibitor retards the corrosion process and keeps the corrosion rate at a minimum, thus preventing economic losses due to metallic corrosion. One of the most aggressive environments found in the petroleum industry is the fluids with high concentrations of chlorides and carbon dioxide, which leads to called CO 2 corrosion or sweet corrosion [1, 2] .
It has been known that the organic molecules can be adsorbed at the metal-electrolyte interface, thereby inhibiting corrosion onto metal surface [3] . Effectiveness of organic inhibitors depends upon its adsorption rate and surface coverage. Inhibitors are adsorbed by replacing the water molecules onto the metal surface. Adsorption is determined by the molecular structure, surface charge of the metal, and type of electrolyte. Many factors are involved during this action, the electrostatic interactions between the inhibitor molecules and the metal, the electron densities of the different functional groups, polarizability, and electronegativity. Nitrogen-based organic surfactants, such as imidazolines, amides, amide-amines, and amines and their salts, have been used successfully as inhibitors in oil field applications and several researches are focusing their efforts on the development of environmental friendly inhibitors [4] [5] [6] [7] .
In the literature, studies about the stability (hydrolysis) of imidazolines and imidazoline-based products have been performed. Butler et al. [8] reported the conversion of fatty unsaturated imidazolines to amides precursors at room temperature conditions over 2 to 9 days. However, Bondareva et al. [9] studied the kinetics of hydrolysis of 2 Journal of Spectroscopy imidazolines (aX 2.0-12.5, = 70-90 ∘ b), and their results showed that the hydrolysis occurred at basic pH but at acid aX (<6) it was not observed. Presumably, the stability of the imidazoline can be related to protonation at the tertiary N atom in the imidazoline ring; this positive charge on the N atom prevents hydrolysis. It has been reported that the hydrochloride salts of imidazoline are more resistant to hydrolysis than the free imidazolines, and the activity of the imidazoline-based and amide-based products is similar; however, some authors have found that amide precursors have better efficiency than the imidazoline precursors [10] . Martin and Valone [10] have shown via 13C NMR, FT-IR, and UV spectroscopy that the imidazolines are converted into their amide precursor after its reaction with acid, and there is no significant difference in the performance of both inhibitors formulated. Jovancicevic [7] determined the effect of the hydrophobic group of palmitic amide/imidazoline on the corrosion rate. They reported that the contribution of the amide group is more significant than that of the imidazoline group in the corrosion inhibition. Similar results were obtained with the hydrolyzed stearic imidazoline and stearic amide, suggesting a substantial hydrolysis of imidazoline in <45 min under CO 2 -saturated brine conditions (pH = 6.3) ( = 66 ∘ C). Similar corrosion rates were obtained after 45 min and 60 min hydrolysis. Therefore, if the performance of inhibitors formulated with an imidazoline or its amide precursor is similar, the use of amide inhibitor reduces the cost of inhibitor.
On the other hand, the study of the structure-performance relationship of imidazolines and corresponding amides has been an interesting subject as well as the role of the hydrocarbon chain relative to the imidazoline head group and the pendant amine group in film formation [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Jovancicevic reported that the corrosion inhibition is enhanced with the increasing number of carbon atoms in the alkyl chain (C12 versus C18) of imidazolines. The effect of the hydrophilic head group (imidazoline, amide, and amine) was studied for a specific chain. The results showed that the palmitic imidazoline was less effective than the palmitic amine and the palmitic amide. Ebenso et al. reported that the efficiency of inhibition may be increased by increasing the number of substituents of the functional groups and the nature of the electron donor [12] . Few studies have been reported about the effect of the double bond of the hydrocarbon chain, of either fatty-amides or imidazolines, on the inhibition efficiency [3] . Yoo et al. evaluated the effect of the double bond of the hydrophobic chain of imidazolines on the corrosion performance. Therefore, the aim of this study is to investigate the effect of the double bonds in the hydrocarbon chain of fatty-amides in the electrochemical behavior of the carbon steel in CO 2 -saturated (3% NaCl + 10% diesel) emulsion at 50 ∘ C. For this, a series of amides were synthesized from pure fatty acids C18 for their study as inhibitors. testing, the electrode was polished to 600 grit SiC emery paper and then cleaned with alcohol, acetone, and distilled water. Specimens with this surface condition were employed as the working electrode (WE) in the electrochemical tests.
Experimental Procedure

Test Solution.
Three types of inhibitors were used in this study ( Figure 1 ). The inhibitors were dissolved in water at pH 4.0. The testing solution consisted of 90 : 10 (v/v) mixture of 3% NaCl solution and diesel, respectively. The solution was saturated with CO 2 for 2 h before testing and kept under a CO 2 atmosphere during testing. For the experiments, the cell temperature was kept constant at 50 ∘ C. The solutions were stirred continuously. The working electrode was kept in the electrolyte for 1 h before any inhibitor containing the solution was introduced. The concentration of the inhibitor used in this work was 25 ppm. The electrochemical cell used was that described by standard ASTM G5 and shown in Figure 2 . For LPR measurements, a sweep from −20 to +20 mV versus open-circuit potential at a sweep rate of 1.0 mVs −1 was used and the polarization resistance ( ) was measured from the slope of potentialcurrent curve in the vicinity of corrosion potential ( corr ). Measuring the variation with time the open-circuit potential (OCP) of the working electrode was also performed. LPR and OCP measurements were conducted every 60 min during 24 hours. Impedance measurements were carried out using AC signals of amplitude 10 mV peak to peak at the open-circuit potential in the frequency range 100 kHz to 1.0 mHz. LPR, OCP, and EIS experiments were carried out using Interface 1000 Gamry Potentiostat/Galvanostat/ZRA analyzer.
Electrochemical Measurements
Real-Time Corrosion Measurement.
Continuous electrochemical corrosion was also monitored using a three-electrode (finger) probe arrangement with three identical 1018 carbon steel electrodes. The multitechnique electrochemical monitoring instrumentation (SmartCET) employs a combination of electrochemical noise (EN), linear polarization resistance (LPR), and harmonic distortion analysis (HDA) to provide output of a general corrosion rate and localized corrosion behavior (pitting factor). The measurement cycle takes place over a period of 430 seconds, as follows: current and potential noise measurement, second-by-second for 300 seconds, LPR/HDA measurement for 100 seconds, and solution resistance ( ) measurement for 30 seconds. Details of this technique for monitoring real-time are described elsewhere [13, 14] . Interpretation of pitting factor (PF) value is in accord with the following. 
Results and Discussion
OCP versus Time Measurements.
In the present study, the variation of the OCP of carbon steel was followed as a function of time in CO 2 -saturated (3% NaCl + 10% diesel) emulsion with and without fatty-amides at 50 ∘ C. Results obtained are depicted in Figure 3 .
In fatty-amides free emulsion, the OCP changed slowly towards more positive values, indicating the growth of an oxide film on the carbon steel surface which provides some protection against corrosion. In all cases, with the addition of fatty-amides, a displacement of +30 mV was observed in the first hour; after that, an apparent lag phase is observed for one hour, and from this point an abrupt increase of about +100 mV in the corr values is observed. Subsequently, an oscillation of ±10 mV in corr is observed for the rest of the corrosion test. Usually a rise of corr in the positive direction indicates the formation of a passive film, and a steady corr indicates that the film remains intact and protective, and a drop of corr in the negative direction indicates breaks in the film, dissolution of the film, or no film formation [15] . On the other hand, according to Riggs Jr. [16] and others [17, 18] , the classification of a compound as an anodic or cathodic type inhibitor is feasible when the OCP displacement is at least 85 mV in relation to that one measured for the blank solution; if displacement in is <85 mV, the inhibitor can be seen as mixed type. From OCP measurements it is possible to say that the tested fatty-amides decrease the anodic dissolution of iron, causing appreciable changes on corr values. This is owing to the formation of a protective film onto carbon steel surface and acting as a protective barrier. as Although the magnitude of changes in the corr values is similar, the degree of unsaturation of the oily tail of the fatty-amide seems that influences its corr values, being linoleic amide > oleic amide > stearic amide.
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LPR Measurements.
In order to determine the polarization resistance, the working electrode was polarized ±20 mV around the open-circuit potential at a scan rate of 1.0 mVs −1 . Measurements were conducted in CO 2 -saturated (3% NaCl + 10% diesel) emulsion without and with the three tested inhibitor at 50 ∘ C. Since the voltage-current response of the corroding electrode tends to be linear over a small range of potentials at either side of the free corrosion potential, then the slope of the potential/current sweep is measured to provide the polarization resistance, which is inversely proportional to the corrosion current density. Polarization resistance results obtained are depicted in Figure 4 . On the other hand, the inhibition efficiencies ( Figure 5 ) of the tested fatty-amides were calculated from ( ) values obtained from the LPR data based on the following relation:
where , is the linear polarization resistance without inhibitor and , is the linear polarization resistance with inhibitor.
In fatty-amides free emulsion, corrosion resistance of carbon steel slowly decreases as time evolved, indicating that the growth of the oxide film on the steel surface does not act as protective barrier and is permeable to the diffusion of aggressive ions. With the addition of fatty-amides, similar behavior to that of the OCP measurements was obtained, that is, an abrupt increase in values in the first hour, after that, a slight decrease for one hour, and from this point a constant increase as time evolved. In the first two hours the observed behavior can be due to the rapid formation of a protective inhibitor film onto metal surface. However, when the adsorbed inhibitor molecules exceed certain number, the molecules can be so close that electrostatic repulsion forces can occur leading to the desorption of the inhibitor molecules. This electrostatic repulsion forces could cause the appearance of unprotected sites on the metal, which provokes their corrosion. Subsequently it is possible that unprotected sites were covered by the ordered adsorption of inhibitor molecules. Similar observations have been made by other authors [17] , since they indicate that when more inhibitor molecules adsorb, the adsorption density of surfactant becomes so high that interaction between tails of the surfactant may occur leaving the surface and causing the decrease of the effective area covered by the inhibitor molecule to some extent. Some authors suggest [19] that the decrease in the inhibition efficiency can be attributed to the orientation change of inhibitor molecules onto the metallic surface and some others to the induction of the corrosion process as a result of permeation of the electrolyte through the inhibitor protection layer [20] . From measurements, apparently again the degree of unsaturation of the oily tail of the fatty-amide influenced the corrosion rate of carbon steel in the following order: linoleic amide > oleic amide > stearic amide.
The increase in the value suggests that the inhibition efficiency increases with the degree of unsaturation of the oily tail of the fatty-amide. From Figure 5 , it can be noted that after reaching the steady state, the protection efficiency of the fatty-amides was over 98%, being 99.62% for linoleic amide, 99.53% for oleic amide, and 98.50% for stearic amide. These findings reveal that the fatty-amide has a high affinity for the metallic surface, since its adsorption onto the electrode surface was relatively fast and the formation of a protective film with excellent barrier properties is evident.
3.3. Impedance Measurements. Electrochemical impedance spectroscopy measurements were performed in order to gain a better understanding of the corrosion and corrosion inhibition of carbon steel in CO 2 -saturated (3% NaCl + 10% diesel) emulsion at 50 ∘ C. Bode plots for carbon steel Figure 6 : Nyquist and Bode plots for 1018 carbon steel in CO 2saturated (3% NaCl + 10% diesel) emulsion without inhibitors at 50 ∘ C. exposed to CO 2 -saturated (3% NaCl + 10% diesel) emulsion at 50 ∘ C are shown in Figure 6 . In general, three frequency regions referring to as the high, intermediate, and low frequency values are observed from Bode diagrams [21] . In the high frequency region the log | | values tend to a constant where the phase angle approaches zero. The constant value observed corresponds to the solution resistance ( ). In the intermediate frequency region, there is a linear relationship between log | | and log , where the slope value is lower than −1, and phase angle value less than 90 ∘ , indicating that the protective oxide layer has no capacitive nature and that the corrosion process can be under mixed control (diffusion and charge transfer). A maximum in the phase angle which is slightly shifting to lower frequencies as time elapses (30 to 10 Hz) is observed; this displacement is coupled with both a slight increase of the phase angle and a steady decrease in the slope of the log | |-log relation. Because this is the characteristic response of capacitive behavior of the electrode surface and describes the dielectric properties of the electronically conducting surface film, this shift can be associated with a detachment, or thinning of the protective films [22, 23] . In the low frequency region as time elapses, the log | | values show a tendency to decrease but the evolution of a new capacitive loop also is observed. In this region are detected the electron charge transfer processes, the mass transfer processes, or other relaxation processes taking place into the film-electrolyte interface or within the pores of the surface film. This is evidence of the nonprotective nature of the corrosion products. The main formed film during CO 2 corrosion of carbon steels is iron carbonate, FeCO 3 . Thus, it seems that FeCO 3 scale is not fully formed on the steel surface, and therefore the corrosion rate shows slight increases. The formation of new capacitive loop may indicate the presence of a surface process that may be affecting the corrosion process. This confirms that the corrosion process can be influenced by both charge transfers as diffusion. Nyquist diagrams (not shown) showed that, in the high and intermediate frequency values, the data describes a depressed, capacitive-like semicircle, with its center at the real axis, indicating that the corrosion process is under charge transfer control from the metal surface to the environment through the double electrochemical layer. Also, as time elapses its diameter decreases, increasing the corrosion rate. However, at lower frequency values, the presence of a new capacitive-like semicircle was evident. Its lower capacitance could be attributed to adsorption phenomena of intermediate species as FeOH due to the hydrolysis of Fe during the metal dissolution process [24] or to the presence of the watersoluble fractions (WSFs) of the oil phase, which can be adsorbed on the steel surface thereby reducing the corrosion rate, besides affecting the mass transfer processes [23] . Figure 7 shows the Bode plots for carbon steel exposed in the CO 2 -saturated (3% NaCl + 10% diesel) emulsion with 25 ppm of stearic amide as inhibitor at 50 ∘ C. In the high frequency range, as time elapses, it is observed that the plateau region begins to form at higher frequencies than 10,000 Hz. At the same time, the phase angle-frequency relationship shows the evolution of a new loop and its value increases over time. The formation and evolution of the new loop are owing to the self-assembling of inhibitor molecules onto the carbon steel surface. Because the inhibitor film formed is a layer of oily nature its formation is detected in the high frequency region. The protective ability of the inhibitor molecules depends on its solubility and rate of transport toward the surface of the carbon steel. However in the case of oil-soluble inhibitors the presence of the WSFs can affect the growth rate of the protective film and thus reduce its efficiency. It is observed that the phase angle maximum value increases slowly as time elapses and the loop appears around 1,000-2,000 Hz. The maximum value of the phase angle was 58 ∘ . This suggests both a slow growth and low capacitance of the protective film. In the intermediate frequency region, Figure 7 : Nyquist and Bode plots for 1018 carbon steel in CO 2saturated (3% NaCl + 10% diesel) emulsion with 25 ppm of stearic amide at 50 ∘ C.
there is a linear relationship between log | | and log , and only one slope is observed. The values of slopes are higher than those observed in the uninhibited solution, indicating that the layers formed onto steel surface are more protective than those developed in the uninhibited solution. Phase angle-frequency relationship also shows the presence of one loop and its maximum value increases from 48 ∘ to 68 ∘ until 18 hours and then slightly decreases to 63 ∘ . On the other hand, a shift to lower frequencies of the intermediate loop from 35 Hz to around 15 Hz is observed. It is interesting to note that in inhibited solution the maximum value of phase angle was 50 ∘ (Figure 6 ). The characteristics of evolution of this loop can be associated on the basis of a flat-adsorption process of the inhibitor, where the adsorbed layer is assumed to cover the entire surface quickly and, at the same time, blocks access to the active site of corrosion on the surface, reducing the aggressiveness of attack at these sites [25] . This may explain the increase in the maximum value of phase angle. In the low frequency region, the impedance module (| |) increased to three orders of magnitude compared to those of uninhibited solution. This indicates the protective nature of the inhibitor film due to the packing efficiency of the molecules of the inhibitor onto metal surface. Figures 8 and 9 show the Bode plots for carbon steel exposed in the CO 2 -saturated (3% NaCl + 10% diesel) emulsion at 50 ∘ C for oleic amide and linoleic amide, respectively. Characteristics of the impedance spectra are similar to those observed with the addition of stearic amide inhibitor; that is, at the high frequency range, the plateau region begins to form at higher frequencies than 10,000 Hz, and the evolution of a new loop is observed, with similar values of phase angle. In the intermediate frequency region, the phase anglefrequency relationship also shows the presence of one loop and its value increases and then slightly decreases. Also, a shift to lower frequencies of the intermediate loop is observed. The low value of phase angle of this loop suggests that there is some permeability. In the low frequency region, also the impedance module (| |) increased to three orders of magnitude compared to those of uninhibited solution, indicating the protective nature of the inhibitor film. Based on the similar behavior of the three fatty-amides, it can be assumed that the protective mechanism is the same. At this point, it can be assumed that fatty-amides are adsorbed rapidly by a process of flat adsorption onto the metal surface increasing its corrosion resistance (phase angle increased in the intermediate frequency region), and the oily tail forms a hydrophobic barrier repelling to the aggressive ions from the bulk solution.
Analysis of Impedance Data.
Interpretation of the electrochemical behavior of a system from EIS spectra requires an appropriate physical model of the electrochemical reactions into the electrode surface. In this sense, the equivalent circuits are used to model the electrochemical behavior and calculate the parameters of interest, such as electrolyte resistance ( ), charge transfer resistance ( ct ), and double layer capacitance ( dl ). However, when a nonideal frequency response is present, it is accepted to employ distributed circuit elements in an equivalent circuit. The most widely used is the constant phase element (CPE). CPE is used in a model in place of a capacitor to compensate the inhomogeneity in the system which takes into account the irregularities of the surface such as roughness or because properties such as double layer capacitance, charge transfer rate are nonuniformly distributed. CPE is an element whose impedance value is a function of the frequency and whose phase is independent of the frequency and its impedance is defined as
where 0 is a proportional factor that indicates the combination of properties related to both the surfaces and Figure 8 : Nyquist and Bode plots for 1018 carbon steel in CO 2saturated (3% NaCl + 10% diesel) emulsion with 25 ppm of oleic amide at 50 ∘ C. electroactive species independent of frequency; is imaginary number (√ − 1); is the angular frequency and equal to 2 , where is the frequency; and has the meaning of a phase shift and is related to a slope of the log | | versus log plots and usually is in the range 0.5 and 1. When the value of is equal to 1, the CPE describes an ideal capacitor with 0 equal to the capacitance. For 0.5 < < 1 the CPE describes a distribution of dielectric relaxation times in frequency space, and when is equal to 0.5 the CPE represents Warburg impedance with diffusional character. In these situations the semicircle in the reim spectra is more and more depressed and the depression degree depends on the phase of the CPE [26] . According to results for metal electrodes corroded without the presence of inhibitor there were two time constants ( Figure 6) , where the first one was related to the corrosion process at the metal/corrosion products/electrolyte interphase and the second one was attributed to adsorption phenomena of intermediate species or to the presence of the WSFs which affect the mass transfer processes. Therefore the equivalent circuit used is shown in Figure 10 .
(3) FLW is the solution of the one-dimensional diffusion equation of a particle, where = 2 / ( is the effective diffusion thickness, and is the effective diffusion coefficient of the particle), = 0.5. This version of the Warburg element terminates in a finite resistance where at very low frequencies, re approaches and im goes to zero. On the other hand, for metal electrodes corroded in presence of inhibitor, from phase angle versus frequency plot, two separate peaks can be clearly seen indicating the existence of two time constants (Figures 7 to 9 ). High frequency time constant indicates the presence of the fatty tail of the inhibitor film in contact with the electrolyte, and the intermediate and low frequency one is related to corrosion process at the unprotected sites of the metal surface. In this case, the time constants can be modelled by the equivalent circuit shown in Figure 10(b) . Because some studies [27] indicate that between the hydrophobic tails there is a gap of about 0.4-0.6 nm, that is why that the equivalent electrical circuit represent a porous inhibitor film formed onto the metal surface, in which CPE is related to the nonideal capacitance of the inhibitor film, to the inhibitor film resistance, which reflects the protective properties of the inhibitor film, and CPE dl to the nonideal capacitance of the double layer of the electrolyte/corrosion products/metal interphase. In this case, < ct ; hence 0 = + dl ∼ dl [23, 28, 29] . The evolution of the fitting parameters obtained using the electrical circuits shown in Figure 10 is presented in Figures 11 to 13 . Figure 11 shows the variation of ct and with and without fatty-amides. From ct plot it can be seen that carbon steel showed the lowest corrosion resistance, and its ct values tend to decrease as time elapses. This is because the corrosion product layer was not protective; it is known that, at 50 ∘ C, these scales are porous and nonhomogeneous, allowing the access of the corroding solution to the base material [28] . However, in the presence of the inhibitors, regardless of the type of fatty-amide added, it can be seen that the corrosion resistance of the carbon steel is increased until two orders of magnitude. ct values tend to increase continuously without reaching the steady state. The observed increase in the ct values indicates an efficiency protection around of the 99.0%. ct values depended on the degree of unsaturation of the fatty-amide, being linoleic amide > oleic amide > stearic amide. On the other hand, the values observed are lower with respect to those of ct . This is consistent because the oily tail is the only component of the inhibitor-adsorbed which is in contact with the electrolyte, and this it is an oily film of a few angstroms thick. This is the reason why its presence will always be detected in the high frequency region. Again, the values depended on the degree of unsaturation of the fatty-amide, being linoleic amide > oleic amide > stearic amide. That is, the presence of unsaturations favors the formation of more dense and compact inhibitor films. Figure 12 shows the ct and variation with and without fatty-amides. When the value of is equal to 1 the CPE describes an ideal capacitor, and when ranges from 0.5 to 1.0 the CPE describes a distribution of dielectric relaxation times in frequency space, and when is equal to 0.5 the CPE represents Warburg impedance with diffusional character. On this basis, it can be seen that in the absence of fattyamides the ct values are greater than 0.8 and show a tendency to increase. Therefore the corrosion process is controlled by charge transfer ( ct > 0.8), and it is possible to say that the intermediate species and the WSFs adsorbed do not affect the corrosion process because the diffusion resistance ( ) determinate was around 3 ohms. However, in the presence of fatty-amides the ct values were similar but slight lower, indicating that the corrosion process in unprotected sites was also controlled by charge transfer. On the other hand, the values of were lower than ct values and showed a tendency to decrease. The values of the unsaturated fatty-amides were lower than those of the saturated fatty-amide.
The proportional factor, 0 , is independent of the frequency and it represents a combination of properties related to both the surfaces and the electroactive species, and when the value of is equal to 1, it is the capacitance. CPE is related to the capacitance ( ) according to the following equation [30] :
On the basis of this equation, the double layer capacitance ( dl ) and the capacitance of the film ( ) involved in the two CPEs (CPE dl and CPE ) can be calculated. Figure 13 shows plots of the capacitance (CPE dl and CPE ) versus time with and without fatty-amides. Generally in corrosion tests without inhibitor the diameter of the high frequency semicircle is treated as the charge transfer resistance ct , and in corrosion tests with inhibitor the high frequency capacitive loop is related to the barrier and properties of the inhibitor layer [31] . From Figure 13 it can be seen that the capacitance ( dl ) of the carbon steel without the presence of fatty-amides shows a steady increase in their values as time elapsed. However, in the presence of fattyamides, the capacitance values are lower, and their values tend to a constant value. On the other hand, the capacitance values of the inhibitor film ( ) are lower than those of carbon steel without addition of fatty-amides, and their values tend to decrease as time passes. It is clear that the presence of the fatty-amides has a marked effect on the values of the capacitance. Capacitance values ( dl and ) in the presence of fatty-amides have almost the same values and all shown the same trend. It is known that a decrease in the capacitance can happen if the inhibitor molecules (low dielectric constant) replace the adsorbed water molecules (high dielectric constant) on the carbon steel surface [32] . This behavior supports the flat-adsorption process of the fatty-amides, where the adsorbed layer covers the surface quickly, blocking the access to the active site and improving the corrosion resistance of the carbon steel [25] . Since the capacitance is inversely proportional to the thickness of the double layer, a decreasing in the capacitance values could be attributed to the adsorption of the fatty-amide onto the metal surface. When the fattyamide is added into the electrolyte the active sites are covered forming a smooth surface, and consequently the capacitance decreases. In general, the surface area of a rough and porous electrode is large and the capacitance is high compared to that on a smooth surface. It is possible that the fatty-amide can be adsorbed on the Fe surface through the amide group and the oily chain both approximately perpendicular to the surface and blocking also active sites by a flat-adsorption process. Therefore, with time, fatty-amide molecules adsorb on the metal surface and the protective film grows until it covers all possible corroding sites by forming a thin film on the metal surface, hence reducing the capacitance values.
The capacitance values ( dl and ) of the unsaturated fattyamides were lower than those of the saturated fatty-amide. From these results, it is possible to establish that the unsaturation present in the oily tail contributes to the efficiency of fatty-amides, because they can be adsorbed on the metal surface by a flat-adsorption process reducing the presence of active sites and blocking the corrosion process. It is said [17] that the adsorption of organic compounds can be described by a process of physical adsorption and chemisorption. Physical adsorption requires the presence of both an electrically charged metallic surface and charged species into electrolyte, and the chemisorption involves charge sharing or charge transfer from the fatty-amide molecules to the metal surface to form a coordinate type of bond. The molecular structure of the unsaturated fatty-amides suggests that adsorption may occur through the unsaturation present on the carbon atoms of the oily tail. When the alkyl chain is saturated (stearic amide), the amide group resides on the metal surface with alkyl chain stretching out upwards into the electrolyte in a more perpendicular manner, if the alkyl chain is unsaturated (oleic and linoleic amide), the p-orbital of double bond can interact with the vacant d-orbital of metal, and the metal surface can be covered by amide group as the alkyl chains, and the continuous monolayer can efficiently prevent the diffusion of corrosive species, such as H 2 O, H + , Cl − , and HCO 3 − . So the corrosion would be largely inhibited.
Corrosion
Monitoring Real-Time. Figure 14 shows the variations of corrosion rate as determined by LPR measurements with time for carbon steel exposed to CO 2 -saturated (3% NaCl + diesel) emulsion at 50 ∘ C, with the different fattyamides. After 1.5 h of exposure, the fatty-amides were added and monitoring was carried out for 24 hours. With respect to blank, it is observed that its corrosion rate increases until 5.5 hours (from 120 mpy to 140 mpy) and then tends to slowly decrease to 125 mpy as time passes. Figure 14 shows that the corrosion rates fall rapidly two orders of magnitude after that the fatty-amides were added. The time required for this is, three hours for linoleic amide, four hours for oleic amide and, five hours for stearic amide. After that, the corrosion rates decrease slowly one order of magnitude more until the final of test for both stearic and linoleic amides. Similar corrosion rates were obtained with both amides after 16 hours. Until 13 hours of test, the effectiveness of inhibitors was based on the Oleic amide Linoleic amide Figure 16 : Variations of corrosion rate as determined by HDA measurements (monitoring real-time) with time for carbon steel exposed to CO 2 -saturated (3% NaCl + diesel) emulsion at 50 ∘ C, with the different fatty-amides. degree of unsaturation of the oil chain. However, after this point, oleic amide showed instability and the corrosion rate increased to 1-2 mpy. Figure 15 shows the variation in the inhibition efficiency of the fatty-amides versus time (from LPR measurements of Figure 14 ). Its interpretation is in accordance with those discussed from the LPR measurements ( Figure 14 ). However, it may be observed that although the oleic amide showed instabilities, the effectiveness of all fatty-amides is greater than 95% after two hours and about 99% during the rest of the corrosion test. Figure 16 shows the variations of corrosion rate as determined by HDA measurements with time for carbon steel exposed to CO 2 -saturated (3% NaCl + diesel) emulsion at 50 ∘ C, with the different fatty-amides. In general the corrosion rates obtained by the HDA technique followed a similar trend to those obtained by LPR. It is important to observe that in the case of the measurements with fatty-amides, regardless of the observed disturbances, the average corrosion rate values estimated from HDA are practically the same as those obtained values by LPR. In this case the calculations are made using the estimated values of anodic and cathodic Tafel slopes, obtained from the HDA technique. On the other hand, for the calculation of corrosion rate from LPR measurements, a value of 120 mV for both anodic and cathodic Tafel slopes was used. Disturbances observed can be interpreted as adsorptiondesorption processes leaving active sites on the metal surface. These adsorption-desorption processes can affect the corr values and therefore the values of the Tafel slopes. Therefore it is more desirable to use instantaneous values Tafel slopes than using fixed values. The use of constant values will show a smoothed trend which do not allow observing the transient processes. In this sense, it is worth noting that, on average, the amplitude of the transients was lower with the linoleic amide, followed by the oleic amide, and finally by the stearic amide. This indicates that the unsaturation of the oil tail influences the effectiveness of the fatty-amides as inhibitor.
Similarly, in Figure 17 is shown the variation of the efficiency of the fatty-amides versus time, from measurements of HDA ( Figure 16 ). Efficiency curves show many transients which can be interpreted as a measure of the adsorption stability of the fatty-amides onto the metallic surface. It can be seen that the time required for an apparent steady state was 1.5 hours for the linoleic amide, 3.0 hours for the oleic amide, and 4.5 hours for stearic amide. From this time, the effectiveness of the fatty-amides is greater than 95% and not the two hours as indicated by LPR measurements. That is, the stability of the adsorption process is a function of the unsaturation present in the oily tail of the fatty-amide. The adsorption-desorption transients decrease as the number of unsaturation of the oily tail is higher. Again, it is more desirable to use instantaneous values Tafel slopes than using fixed values. From comparison of the effectiveness curves ( Figures 5,  15 , and 17), it can be seen that the efficiency calculation from measurements (without using Tafel slopes) is closer to those values obtained from HDA measurements. The differences are due to the sampling frequency used. For measurements it was every 60 minutes, and for HDA measurements every 7 minutes. Therefore, in order to determine the efficiency of corrosion inhibitors, it is possible to suggest measurements, rather corrosion rate measurements using fixed values Tafel constants. Figure 18 shows the PF variations with time from EN and HDA data for carbon steel exposed to CO 2 -saturated (3% NaCl + diesel) emulsion at 50 ∘ C, with the different fattyamides. According to the plot, in the absence of fatty-amide, PF values for carbon steel are lower than 0.01 and show a tendency to decrease with time, where these PF values correspond to a general corrosion mechanism. However, during the first few minutes after the addition of fatty-amides, the PF values showed a sharp increment, reaching greater values than those obtained in solution without fatty-amides. After that, PF values decreased and subsequently increased to values between 0.01 and 0.1 for stearic amide and linoleic amide, where these values correspond to a mechanism of general corrosion with slight pitting attack. However, with oleic amide, the values ranged from 0.01 to 1.0, indicating pitting attack. Overall, the addition of all inhibitors produced an increase in PF values. These PF values suggested that a pitting-like process might be occurring at the electrode surface. It can be seen that the linoleic amide (two unsaturations) showed the most stable behavior; that is, its PF values tend to a constant value and the amplitude of the transients is lower.
Conclusions
Electrochemical impedance spectroscopy and real-time corrosion measurements were very useful tools to evaluate the effect of the double bonds into the hydrocarbon chain of the fatty-amides on the corrosion performance of carbon steel in CO 2 -saturated (3% NaCl + 10% diesel) emulsion at 50 ∘ C. EIS results demonstrated that the unsaturation present in the oily tail contributes to the efficiency of fatty-amides because they can be adsorbed on the metal surface by a flat-adsorption process reducing the presence of active sites and blocking the corrosion process. When the alkyl chain is saturated the amide group resides on the metal surface with alkyl chain stretching out upwards into the electrolyte; if the alkyl chain is unsaturated the metal surface can be covered by amide group as the alkyl chains, and the continuous monolayer can efficiently prevent the diffusion of corrosive species. Realtime corrosion measurements indicated that the combination of LPR, HDA, and EN is suitable for the study of corrosion inhibitors in CO 2 -saturated brine solutions in the presence of diesel. HDA technique is a promising method both for corrosion rate monitoring and to evaluate the efficiency of the inhibitors, showing fast response in real-time to small changes in the chemistry of the environment (with or without inhibitors).
